ABSTRACT The effect of acetylcholine on the incorporation of P82 into the individual phosphatides in slices of various structures of the nervous system has been studied. There was a marked stimulation of ps2 incorporation into phosphoinositide and phosphatidic acid, but not into phosphatidyl choline and phosphatidyl ethanolamine, in the cat stellate and celiac ganglia in vitro. Acetylcholine stimulated p82 incorporation into certain phosphatides, primarily phosphoinositide and phosphatidic acid, in several structures of the cat and guinea pig brain; there was little or no effect of acetylcholine on phosphatide turnover in the inferior corpora quadrigemina and cerebellar cortex. The suggestion is made that the phospholipid effect can best be explained as being concerned with the active transport of sodium ions out of the cell across the postsynaptic membrane of cholinergic neurons in response to acetylcholine.
Previous work has shown that acetylcholine stimulates the turnover of phosphatides, in particular phosphoinositide and phosphatidic acid, in slices of guinea pig cerebral cortex (1, 2) . A similar effect was observed in slices of adrenal medulla (3) and slices of various exocrine and endocrine glands on stimulation of secretion (4-6). More recently aeetylcholine, which stimulates the secretion of sodium chloride in the avian salt gland, has been shown also to greatly stimulate the incorporation of p32 into phosphatidic acid and phosphoinositide in this gland (7) .
It was thought that a study of the effect of acetylcholine on the turnover of phosphatides in different parts of the central nervous system and in sympaThese studies were aided by grants from the United Cerebral Palsy Research and Educational Foundation and the National Institutes of Neurological Diseases and Blindness. thetic ganglia might throw some light on the physiological significance of the phospholipid effect in nervous tissue. T o this end, slices of sympathetic ganglia, nerves, and various parts of the cat and guinea pig brain were i n c u b a t e d in the presence of p32 without and with acetylcholine. T h e most i m p o r t a n t observation emerging from these studies was that a phospholipid effect, involving phosphoinositide and phosphatidic acid, occurred in slices of sympathetic ganglia. Since, c o m p a r e d with the brain, sympathetic ganglia are relatively simple synaptic structures in which acetylcholine has been fairly definitely established as the synaptic transmitter, these findings suggest that the phospholipid effect in sympathetic ganglia is c o n c e r n e d with some phase of synaptic transmission.
A phospholipid effect was also observed in certain, b u t not all, structures of the brain.
M E T H O D S
Cats were anesthetized with chloroform and ether. The brain, ganglia, nerves, and other tissues, were removed and placed in chilled saline. Guinea pigs were stunned by a blow under the chin; they were decapitated and the brains were removed and chilled. The various parts of the brain were dissected out as quickly as possible. Slices were prepared using a chilled slicer (8); they were placed in a covered dish which was standing in chipped ice. The slices were weighed on a torsion balance prior to incubation. Surface slices were used when possible to minimize the amount of damaged tissue. The dissection and slicing of the different parts of the brain were carried out in such a way that material from one hemisphere was compared with the equivalent material from the other hemisphere. In parts of the guinea pig brain where insufficient material could be obtained from one animal, slices from three guinea pigs were pooled in each pair of vessels, equal amounts of material from each guinea pig being divided between the two vessels. The mammillary bodies were not included in the slices of hypothalamus from either the cat or the guinea pig. Each stellate and celiac ganglion from the cat was bisected with the slicer to give two approximately equal surface slices, one of which was used as the control and one as the experimental tissue.
The tissues were incubated in stoppered 25 ml. Erlenmeyer flasks at 37 ° with shaking for 3 hours in a Dubnoff metabolic incubator. The medium was bicarbonate saline (9) with added glucose (150 mg./100 ml.) and p32 (added as orthophosphate) and with 95 per cent Os + 5 per cent CO2 as the gas phase. One ml. of medium was used for tissue weights up to 50 mg.; 2 ml. were used for tissue weights of 50 to 100 mg.
The concentration of acetylcholine used with the various parts of the brain was either 5 X 10-sM or 10-2~; 10-*M was used with the cat stellate and celiac ganglia. Eserine (10-4M) was always added with the acetylcholine. The low permeability of nervous tissue to acetylcholine can account for the fact that high concentrations of acetylcholine are required to produce a maximal phospholipid effect in slices of cerebral cortex (1) . The lowest concentration of acetylcholine which gives an effect in cell-free preparations from the brain lies between 10-v~ and 10-6~ (10).
After incubation, the tissues were homogenized in 5 per cent trichloroacetic acid and the material was centrifuged. The supernatant fluid was taken for estimation of the total radioactivity of the acid-soluble phosphate esters; ortho-P was removed by the method of Berenblum and Chain (11). The trichloroacetic acid precipitates were treated as described previously (12) . The individual phosphatides were separated from the purified chloroform extracts by chromatography on silicic acid-impregnated paper with diisobutyl ketone: acetic acid :water (40: 20: 4) as the solvent (13) . The total radioactivity of each phosphatide was determined and expressed as the counts per minute per unit fresh weight of tissue.
R E S U L T S
There was in many cases considerable variability in the incorporation of p82 in different slices from the same brain structure. This was presumably due to sampling difficulties, since it was most marked in those structures in which the least amount of tissue was available. This variability made interpretation of the effects of acetylcholine on the incorporation of p32 into the phosphatides difficult in some structures. To overcome this, the radioactivity of the phosphatidyl ethanolamine in each sample (both control and experimental) was taken as l and the radioactivity of each of the other phosphatides in the same sample was corrected proportionately. In this way the radioactivity of each phosphatide was expressed as the ratio of its observed radioactivity to the observed radioactivity of the phosphatidyl ethanolamine in the same sample. Any increase relative to phosphatidyl ethanolamine of the incorporation of p3~ into phosphoinosifide, phosphafidyl choline, and phosphatidic acid could thus be detected. The radioactivity of phosphatidyl ethanolamine was taken as the standard since, of the four phosphatides sufficiently labeled to measure in the cerebral cortex slices, phosphatidyl ethanolarnine was the least affected by acetylcholine. In the series of twelve experiments on the guinea pig cerebral cortex reported here there was no significant effect of acetylcholine on the turnover of phosphatidyl ethanolarnine; the average difference of the radioactivity of the phosphatidyl ethanolamine from the slices which had been incubated in the presence of acetylcholine as compared with the radioactivity of the phosphatidyl ethanolarnine from the control slices was ~-12 per cent (S.E.M. =t=8). Table I shows the average percentage difference of the relative radioactivities of phosphoinositide, phosphatidic acid, and phosphatidyl choline of slices which had been incubated in the presence of acetylcholine, as compared with the relative radioactivities of the corresponding phosphatides of the control slices from various tissues of the cat and guinea pig.
A. THE PERIPHERAL NERVOUS SYSTEM There was no significant effect of acetylcholine on the incorporation of p32 into phosphatides in the vagus and femoral nerves in vitro (Table I) .
If we trace the sympathetic nervous system from the preganglionic nerve fibres to the end organs, we find no significant effect of acetylcholine on the incorporation of p3~ into phosphatides in the preganglionic fibres (splanchnic nerves), but a marked stimulation of p3~ incorporation into phosphoinositide and phosphatidic acid in the sympathetic ganglia (stellate and coeliac) ( Table  I ). The incorporation of p3~ into an unidentified phosphatide which was located between the baseline and the phosphoinositide spot on the chromatograms was also markedly stimulated in these ganglia; this spot is thought to be a breakdown product of phosphoinositide. The individual results from a representative experiment with the cat stellate ganglion are shown in Table  II . In the cat adrenal medulla there was a marked stimulation of p32 incor- poration into phosphoinositide; due to the very large scatter in the three experiments carried out on the cat adrenal medulla, the average 82 per cent stimulation of p~2 incorporation into phosphatidic acid in this tissue was not statistically significant (Table I) . However, comparison with the findings on guinea pig adrenal medulla reported elsewhere (3) makes it highly probable that the increase would become significant if more data were available. The postganglionic nerves (splenic) showed a 30 per cent stimulation of p32 incorporation into phosphoinositide in three experiments; this was significant at the P = 0.05 level; there was no stimulation of p32 incorporation into phosphatidic acid or phosphatidyl choline (Table I ). It seems possible that this effect in splenic nerve preparations might take place in cell bodies displaced from the ganglion. The end organ (spleen) showed no significant effect of acetylcholine on the incorporation of pa~ into the phosphatides (Table I) .
OF p3~ INTO I N D I V I D U A L P H O S P H A T I D E S IN SLICES OF THE CAT STELLATE GANGLION
In the cat stellate ganglion there was a decrease in five experiments in the total amount of radioactivity found in the acid-soluble phosphate ester fraction in the presence of acetylcholine. The decrease averaged 21 (-4-5) per cent and is significant at the P = 0.02 level.
The turnover of phosphoinositide was stimulated 50 per cent or more in the cerebral cortex, the corpus striatum, the hypothalamus, and the cat thalamus; there was no significant stimulation of phosphoinositide turnover in the olfactory bulbs, the superior and inferior corpora quadrigemina, and the cerebellar cortex.
The turnover of phosphatidic acid was stimulated about 100 per cent in the cerebral cortex, and 40 per cent or more in the corpus striatum, the olfactory bulbs, and the superior corpora quadrigemina; there was a smaller but significant (P --0.01) stimulation of phosphatidic acid turnover in the hypothalamus. There was no significant effect of acetylcholine on phosphatidic acid turnover in the thalamus, the inferior corpora quadrigemina, and the cerebellar cortex.
The turnover of phosphatidyl choline was stimulated 20 to 40 per cent in in the cat cerebral cortex, the corpus striatum, the hypothalamus, and the superior corpora quadrigemina. Although there was no effect of acetylcholine on the turnover of phosphoinositide and phosphatidic acid in the cerebellar cortex, it is of interest that there was a small but probably significant (P --0.05) increase in the turnover of phosphatidyl choline in this structure in the presence of acetylcholine.
Acetylcholine did not give rise to any significant difference in the total amount of radioactivity found in the acid-soluble phosphate esters in the various parts of the brain listed in Table I .
D I S C U S S I O N
The results presented here indicate that the stimulation of p3~ incorporation into phosphoinositide and phosphatidic acid in response to acetylcholine is not a property of all neurons or of nervous tissue. The response occurs only in certain nervous structures. This lends strong support to the idea that the effect reflects a true physiological responsiveness of specialized tissue rather than a general pharmacological response of neurons or neuroglia.
As indicated above, an increase in the turnover of phosphoinositide and phosphatidic acid similar to that observed here in sympathetic ganglia and in certain areas of the brain in response to acetylcholine, has been observed on stimulation of the secretion of proteins by the pancreas and the submaxillary and parotid glands, of adrenocorticotropin by the anterior pituitary, and of adrenalin by the adrenal medulla. More recently we have found that stimu-lation of slices of the avian salt gland by acetylcholine, which is the normal stimulus for sodium chloride secretion in these glands, brings about a very great increase in the turnover of phosphatidic acid and phosphoinositide in the tissue (7, 16) . Based on enzymes which appear to be responsible for the stimulated turnover of phosphatidic acid in membranes of brain cortex cells (14, 15) and since shown to be present also in the membranous fraction of the cells of the avian salt gland (16), a scheme for the active transport of sodium ions by phosphatidic acid has been presented in detail; the possible role of phosphoinositide in sodium transport has also been discussed (16, 17) ,
The question arises whether the effect in synaptic structures is concerned with the transport of organic molecules, as appears to be the case in some exocrine and endocrine glands, or whether it is concerned with the transport of inorganic ions, as seems to be the case in the avian salt gland. The postsynaptic neurons of the sympathetic system do secrete catechol amines in response to acetylcholine. However, there is no evidence that this occurs at any location other than the axon terminal. This structure was not present in our preparations of sympathetic ganglia. It seems more likely therefore that the phospholipid effect is concerned with ion movements in the sympathetic ganglion cells. Acetylcholine is known to cause depolarization of the postsynaptic membrane of sympathetic ganglia, giving rise to a nerve impulse. The available evidence suggests that depolarization and repolarization of the postsynaptic membrane are brought about by an ionic mechanism similar to that which is responsible for the spike in the invertebrate axon (see Eccles (18) ). In the axon, depolarization of the membrane is brought about by an influx of sodium, and repolarization of the membrane is brought about by an efflux of an equivalent amount of potassium. The over-all process, or the spike, can occur in the absence of metabolism as long as adequate electrochemical gradients of sodium and potassium are maintained (19) . However, the axon gains a minute amount of sodium and loses a minute amount of potassium with each impulse. Eventually, sodium must be pumped out and potassium must be pumped in. Hodgkin and Keynes (19) have shown that this recovery process requires the energy of metabolism. More recently, Caldwell and Keynes (20) have shown that A T P can act as an energy source for the active transport of these cations in the invertebrate axon.
Since A T P is required for the phosphatidic acid cycle (and presumably also for a phosphoinositide cycle) and since the energy of metabolism is not required for the movements of ions along their electrochemical gradients during the spike (Hodgkin and Keynes (19) ), the increased turnover of phosphatidic acid and phosphoinositide is unlikely to be related to the passive transfer of sodium and potassium across the postsynaptic membrane during either depolarization or repolarization, respectively. Phosphatidic acid and phosphoinositide could act as carriers in the membrane during these passive processes, but no breakdown and resynthesis of the carrier, and therefore no increased turnover of phosphate, need be involved, since the process does not require energy. The direction of movement of the relevant cations would in this case be determined by their relative concentrations on either side of the membrane.
On the basis of these considerations, and by analogy with the salt gland, we feel that the best explanation of the phospholipid effect in sympathetic ganglia is that it is concerned with the active secretion of sodium ions from the postganglionic cell body during the recovery process. It is too early to be very definite about the role of phosphatidic acid and phosphoinositide in potassium transport as the experiments with the salt gland throw no light on this problem.
The hypothesis that the phospholipid effect is concerned with synaptic transmission could account for the effect in the various structures of the brain which show this response to acetylcholine. As is suggested for the sympathetic ganglia it seems likely that the turnover of phosphatidic acid and phosphoinositide would be concerned with the secretion of sodium from cholinergic neurons in the central nervous system in response to acetylcholine. The question arises as to whether this stimulation of turnover in response to acetylcholine is brought about indirectly as a result of changes in the ionic composition inside the cell consequent to depolarization or whether it is a direct effect of acetylcholine. The fact that cell-free preparations of membranous fragments from brain cells show an increased turnover of phosphatidic acid in response to acetylcholine (I0) indicates that this turnover in brain cells is not regulated by changes in the concentrations of ions on the intracellular side of the membrane. Rather, the turnover would appear to be directly responsive to acetylcholine. It would seem therefore that acetylcholine has at least two direct effects on the cholinergic ganglion cell, the one being to cause depolarization, and the other, to increase the turnover of phosphatidic acid and phosphoinositide. If our interpretation of the physiological role of the phospholipid effect in synaptic tissue is correct, acetylcholine must have a direct stimulatory effect on the sodium pump mechanism in cholinergic neurons. This is not to say, however, that acetylcholine has a different mechanism of action for depolarization and for stimulating the sodium pump. A common mechanism of action of acetylcholine might affect both processes independently. For example, acetylcholine could increase the rate of transfer of phosphatidic acid across the membrane. This could both increase the passive transfer of sodium into the cell and the active pumping of sodium out of the cell.
If the hypothesis is correct that the phospholipid effect in response to acetylcholine in the central nervous system is connected with synaptic transmission in cholinergic neurons, each of the structures which exhibit this effect should contain cholinergic synapses, as is the case in sympathetic ganglia. The presence of cholinergic synapses has not as yet been unequivocably demon-strated in all the structures which show a phospholipid effect. Cholinergic synapses have been demonstrated in the supraoptic neurons of the hypothalamus (21, 22) . The concentration of choline acetylase in various areas of the cat brain and the guinea pig brain has been measured by Hebb and Silver (23). It might be argued that a high level of choline acetylase would be indicative of the presence of cholinergic synapses. Although this could be the case a close correlation would not necessarily hold. For example, the hypothalamus contains cholinergic synapses; yet, it contains very little choline acetylase. The level of choline acetylase in a particular structure would reflect the concentration of cholinergic axons and their capacity to synthesize acetylcholine. Cell bodies which respond to acetylcholine might be present in a structure with a relatively low choline acetylase level. The digestive glands are a good example. They contain cells impinged upon by cholinergic axon terminals; yet the choline acetylase level in these tissues is low. The postsynaptic neurons in the central nervous system on which the axon terminals of cholinergic nerves impinge may not even be present in the same structure from which the cholinergic nerves arise.
The cerebellar cortex, on the other hand, does not appear to contain cholinergic synapses, and this structure failed to show a phospholipid effect in response to acetylcholine. To our knowledge, none of the structures which did show a phospholipid effect has been shown to be free of cholinergic synapses.
In view of the finding of a phospholipid effect in sympathetic ganglia in response to acetylcholine, the significance of the phospholipid effect in the adrenal medulla in response to acetylcholine should be reexamined. This effect was correlated with the secretion of adrenaline, and it was suggested that phospholipid turnover and adrenaline secretion were related. Since the chromaff-m cells of the adrenal medulla are modified postganglionic ceils, they presumably undergo some sort of depolarization in response to acetylcholine, not unlike that occurring in postganglionic cells proper. The possibility that the phospholipid effect in the adrenal medulla is concerned with the transport of sodium ions should therefore be borne in mind. It is entirely possible that the increased turnover of phosphoinositide and phosphatidic acid in the adrenal medulla is concerned with both sodium transport and the transport of adrenaline.
Although it is suggested here that the phospholipid effect in various structures of the brain is concerned with synaptic transmission, the possibility that this effect in some of these structures is concerned with the secretion of organic molecules cannot be ruled out. In this connection, we have attempted to obtain evidence for the secretion by brain cortex slices of organic molecules in response to acetylcholine, but the results have been consistently negative. However, negative results throw little light on this problem.
